Rho kinase (ROCK), a downstream effector of Rho GTPase, is a serine/threonine protein kinase that regulates many crucial cellular processes via control of cytoskeletal structures. The C-terminal PH-C1 tandem of ROCKs has been implicated to play an autoinhibitory role by sequestering the N-terminal kinase domain and reducing its kinase activity. The binding of lipids to the pleckstrin homology (PH) domain not only regulates the localization of the protein but also releases the kinase domain from the close conformation and thereby activates its kinase activity. However, the molecular mechanism governing the ROCK PH-C1 tandem-mediated lipid membrane interaction is not known. In this study, we demonstrate that ROCK is a new member of the split PH domain family of proteins. The ROCK split PH domain folds into a canonical PH domain structure. The insertion of the atypical C1 domain in the middle does not alter the structure of the PH domain. We further show that the C1 domain of ROCK lacks the diacylglycerol/phorbol ester binding pocket seen in other canonical C1 domains. Instead, the inserted C1 domain and the PH domain function cooperatively in binding to membrane bilayers via the unconventional positively charged surfaces on each domain. Finally, the analysis of all split PH domains with known structures indicates that split PH domains represent a unique class of tandem protein modules, each possessing distinct structural and functional features.
Split pleckstrin homology (PH) 3 domains are a unique subclass of PH domains in which the domain is split into two halves by the insertion of one or more autonomously folded protein modules. To date, only six proteins with diverse functions have been found to contain split PH domains in the eukaryotic genome as follows: the syntrophin family scaffold proteins; the second messenger metabolizing enzymes phospholipase C␥ (PLC␥); the Vps36 subunit of the yeast ESCRT-II sorting machinery; the neuronal GTPase PI 3-kinase enhancer (PIKE, also named AGAP and GGAP); the actin filament-based molecular motor myosin X; and the ROCK family serine/threonine protein kinases (supplemental Fig. 1A ). Recent structural studies of ␣-syntrophin, PLC␥, Vps36, and PIKE showed that the split PH domains in these proteins all fold into a canonical PH domain conformation with or without the insertions of various protein domains (1) (2) (3) (4) . The functional significance of such domain organization has also been evaluated. It was demonstrated in ␣-syntrophin that the PDZ domain insertion functions synergistically with the split PH domain in binding to lipid membranes (1) . Similarly, the nuclear localization sequence (NLS) insertion in the split PH domain of PIKE was found to coordinate with the split PH domain in the membrane attachment of the protein, and the PH N -NLS-PH C supramodule may function as a cytoplasmic/nuclear shuttling switch to regulate the subcellular localization of both PIKE-L and PIKE-A (4). Although the SH2-SH2-SH3 tandem insertion in the split PH domain of PLC␥ was implicated in the regulation of the lipase activity of the enzyme, the mechanistic basis of this regulation is still unclear (2, 5, 6) .
Rho kinases (ROCKs) are the major downstream effectors of Rho GTPase. They are involved in many aspects of cellular processes, such as stress fiber and focal adhesion formation, cell morphology, cadherin-mediated cell-cell adhesion, cytokinesis, membrane ruffling, smooth muscle contraction, cell migration, and neurite outgrowth (7, 8) . Two ROCK isoforms, ROCK I (also known as ROK␤ and p160 ROCK) and ROCK II (also known as ROK␣), have been identified, and they share 65% amino acid sequence identity and 95% homology (9 -11) . Among protein kinase neighbors, ROCKs are most closely related to myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) and citron Rho-interacting kinase (CRIK) (12, 13) . All of these kinases share the same domain organization, which consists of an N-terminal kinase domain, a central
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Grants HKUST6419/05M, 6442/06M, 663407, CA07/08.SC01, and AoE/B-15/01-II (to M. Z.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. The atomic coordinates and structure factors (codes 2ROV and 2ROW) coiled-coil region, and various functional motifs at their respective C termini. In ROCKs, these motifs include a Rho binding (RB) domain and a PH domain that is split into two halves by an internal cysteine-rich C1 domain (also referred to as the CRD, supplemental Fig. 1A ). MRCK and CRIK also each contain a C-terminal PH and C1 domain, but the two domains are arranged next to each other instead of in the split PH domain arrangement (supplemental Fig. 1B ). Another common feature of these kinases is that their catalytic activities are tightly regulated by autoinhibitory mechanisms. In MRCK, the kinase inhibitory motif acts as a negative regulator by directly binding to the kinase catalytic domain (14) . Additionally, the C1 and PH domains have also been implied to inhibit the activity of MRCK (15) . It was proposed that the binding of diacylglycerol (DAG)/ phorbol ester to the C1 domain somehow releases the kinase inhibition by the kinase inhibitory motif (16, 17) . CRIK has a similar C1 domain that more closely resembles the MRCK C1 domain than the ROCK C1 domain, and the CRIK C1 domain might play a regulatory role to the kinase activity of the enzyme (13, 18, 19) . The regulatory mechanism of the kinase activity of ROCK is somewhat better studied. The C-terminal RB domain and the PH-C1 domain of ROCK sequester its N-terminal kinase domain and thus suppress its kinase activity (20) . The deletion of the C-terminal RB and PH-C1 domains renders the mutant kinase constitutively active in vitro (9, 21) . In vivo, ROCK I can be activated by the caspase-3-mediated cleavage of its C-terminal domains (22) . The binding of GTP-bound active Rho to the RB domain also releases the autoinhibition of the kinase (11) . Finally, lipids, such as arachidonic acid and PI(3,4,5)P 3 , have been reported to activate ROCK as well as to regulate its subcellular localization, presumably by binding to its PH domain (23, 24) . However, it is not known how the ROCK PH domain interacts with the lipids. Amino acid sequence analysis indicated that the ROCK PH domain does not contain the signature phosphoinositide-binding motif found in typical lipid binding PH domains (25) (26) (27) (28) . Additionally, it is not known whether the C1 domain of ROCK can also bind to DAG/phorbol ester and thereby regulate its kinase activity, as the ROCK C1 domain is distinct from the C1 domains of MRCK and CRIK. Finally, the functional implications and their underlying molecular mechanisms of the splitting of the PH domain by the C1 insertion in ROCK are not known.
In this study, we solved the three-dimensional structures of the split PH domain and the C1 domain of ROCK II. Structural analysis revealed that the C1 domain of ROCK adopts an atypical structure and that the domain cannot bind to DAG/phorbol ester. Instead, the C1 domain functions synergistically with the PH domain in binding to membrane bilayers with a mechanism distinct from all other known lipid binding PH domains.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-The ROCK I PH N -C1-PH C tandem (residues 1119 -1319), the ROCK II PH N -C1-PH C tandem (residues 1142-1342), the joined PH N -PH C (residues 1142-1227, 1312-1342), the C1 domain (residues 1228 -1311), and various mutants of the PH N -C1-PH C tandem were PCRamplified from the rat hippocampal cDNA library with specific primers. The amplified DNA fragments were inserted into a modified version of the pET32a vector (Novagen) in which the DNA sequences encoding the S tag and thioredoxin were removed. The resulting proteins each contained a His 6 tag in their N termini. The C1-PH N -PH C and PH N -PH C -C1 mutants were constructed, respectively, by connecting the C1 domain and the joint PH N -PH C domain with a 10-residue "Gly-SerGly-Gly-Ser-Gly-Gly-Ser-Gly-Ser" linker. The recombinant plasmids harboring the respective target genes were individually transformed into Escherichia coli BL21 (DE3) host cells for large scale protein production. Uniformly 15 N-and 15 N/ 13 Clabeled proteins were prepared by growing bacteria in M9 minimal medium containing 15 NH 4 Cl with or without [ 13 C 6 ]glucose as stable isotope sources and 20 M ZnCl 2 . The His-tagged fusion proteins were purified under native conditions using nickel-nitrilotriacetic acid-agarose (Qiagen) affinity chromatography. After dialysis in 30 mM MES buffer (pH 5.5, with 75 mM Na 2 SO 4 , 20 M ZnCl 2 , and 10 M ␤-mecaptoethanol) overnight, the proteins were purified using size-exclusion chromatography (Hiload 26/60 Superdex 200, preparation grade). The N-terminal His-tagged peptide fragment was then cleaved by digesting the fusion protein with 3C protease, and the proteins were purified by another step of size-exclusion chromatography.
NMR Structure Determination-The NMR samples used contained ϳ1.0 mM of the joint PH N -PH C or C1 domain in 30 mM MES (pH 5.5, with 1 mM dithiothreitol, and 75 mM Na 2 SO 4 ). All NMR spectra were acquired at 25°C on Varian Inova 500-and 750-MHz spectrometers. The backbone and side-chain resonance assignments of the protein were obtained by standard heteronuclear correlation experiments (29) . The side chains of aromatics were assigned using 1 H two-dimensional total correlation spectroscopy/NOESY experiments (30) .
Interproton distance restraints were derived from the NOESY spectra (two-dimensional 1 H NOESY, three-dimensional 15 N-NOESY, and three-dimensional 13 C-NOESY). Hydrogen bonding restraints were generated from the standard secondary structures of the protein based on the NOE patterns and backbone secondary chemical shifts. The backbone dihedral angle restraints ( and angles) were derived from the chemical shift analysis program TALOS (31) . CYANA was used to calculate 20 structures from random starting conformers. The calculations of the C1 domain structures were first performed in the absence of zinc ligation restraints. The conformer with the lowest penalty function value was then used as input for refinement using torsion angle-simulated annealing calculations in CNS (32) . Zincs were incorporated into the calculations by the introduction of the covalent restraints to maintain their tetrahedral geometry. S Lipid Binding Assay-A liposome stock consisting of total bovine brain lipids was prepared by resuspending bovine brain lipid extracts (Folch fraction I, Sigma B1502) at 10 mg/ml in a buffer containing 50 mM HEPES, pH 7.5, 75 mM Na 2 SO 4 . The sedimentation-based assay followed the method described earlier (1). Defined liposomes were reconstituted from synthetic L-␣-phosphatidylcholine (PC) and L-␣-phosphatidylserine (PS) (Avanti Polar Lipids) with or without various PIPs (Echelon Biosciences; see Ref. 1 for details).
RESULTS AND DISCUSSION

Split PH Domain of the PH N -C1-PH C Tandem from ROCK II Adopts the Same Fold with or without the C1 Domain Insertion-
To evaluate the effect of the cysteine-rich C1 domain insertion on the conformation of the PH domain in ROCK II, we compared the structures of the PH domains with and without the insertion of the C1 domain using NMR spectroscopy. To achieve this, we produced and purified the PH N -C1-PH C tandem (residues 1142-1342, referred to hereafter as PH N -C1-PH C ), the isolated PH domain (PH N -PH C , residue 1142-1227 and 1312-1342), and the C1 domain (residue 1227-1311) of ROCK II. Each of the three recombinant proteins was eluted at their molecular mass indicative of a stable monomer when analyzed by analytical gel filtration chromatography (data not shown). Furthermore, each of the three proteins had a well dispersed 1 H and 15 N HSQC spectrum, indicating that they are well folded (Fig. 1A) . The HSQC spectra of the joined PH N -PH C domain (Fig. 1A , red peaks) and C1 domain (Fig. 1A , green peaks) overlap very well with the vast majority of the peaks from the HSQC spectrum of the PH N -C1-PH C tandem (Fig. 1A , black peaks). Only a small set of peaks did not overlap in this analysis. After assigning the chemical shifts of the PH N -C1-PH C tandem as well as the isolated PH and C1 domains, we plotted the chemical shift differences of backbone amides as a function of residue number between the PH N -C1-PH C tandem and the isolated PH and C1 domains (Fig. 1B) . The largest chemical shift differences were located in the linker regions that connect the two halves of the PH domain with the C1 domain, an observation that is reasonable considering that the C1 domain was removed from the PH N -C1-PH C tandem. Minimal chemical shift changes were observed in the C1 domain, indicating that insertion of the C1 domain in the middle of PH domain does not cause appreciable conformational changes to the C1 domain. The shift changes in the ␤4/␤5-loop of PH domain might result from the intrinsic rigidity of this loop and its close proximity to the split site in the ␤6/␤7-loop (Fig. 1C) . To further confirm that the folded C1 domain has no influence on the structure of the PH domain, we treated the PH N -C1-PH C tandem with EDTA (Fig. 1D ). In the presence of EDTA, the removal of Zn 2ϩ ions led to the complete unfolding of the C1 domain. Correspondingly, the peaks representing the folded C1 domain (Fig. 1A, green peaks) completely disappeared. Concomitantly, a new set of peaks (Fig. 1D , blue peaks) appeared at the random coil region of the spectrum. In contrast, the peaks corresponding to the split PH domain showed no significant changes upon EDTA treatment, indicating that the inserted C1 domain, folded or unfolded, does not affect the structure of the PH domain. Taken together, analogous to what have been observed in the split PH domains of ␣-syntrophin, PLC␥, and PIKE (1, 2, 4), our biochemical and NMR spectroscopic data indicate that the two complementary parts of the split PH domain in ROCK II interact intramolecularly to fold into a stable structure and that the inserted C1 domain does not alter the structure of the split PH domain.
Structure of the Isolated PH N -PH C Domain of ROCK II-The PH N -C1-PH C tandem aggregates heavily and is prone to precipitation at high concentrations (Ͼ0.5 mM; data not shown), and thus the protein is not friendly for NMR-based structural determination. Because both PH and C1 domains fold into the same structures in tandem and in their isolated states ( Fig. 1) , we decided to solve the three-dimensional structures of the joined PH N -PH C and the isolated C1 domains using NMR spectroscopy ( Fig. 2A and Fig. 3A and Table 1 ).
Except for an additional short ␣-helix in the ␤3/␤4-loop, the PH N and PH C fragments interact with each other to form a canonical PH domain fold containing seven ␤-strands and a characteristic C-terminal ␣-helix (Fig. 2B) . The PH N half is composed of six ␤-strands (␤1-␤6) and the short ␣-helix (␣1), and the PH C half contains the remaining ␤-strand (␤7) and the C-terminal ␣-helix (␣2). Because of the short linking sequence (7 residues to be precise) connecting the ␤6-and ␤7-strands, the ␤6/␤7-loop of the joint PH domain is relatively rigid and well defined. Among all known split PH domains, this is only the second example of a PH domain that is split into two halves by the insertion of a protein module between the ␤6-and ␤7-strands of the domain (the other is the split PH domain of VPS36) (1) (2) (3) (4) 33) . The structural comparison of the split PH domains from ROCK II and VPS36 reveals that except for the flexible loop regions and the length of their C-terminal ␣-helices, these two split PH domains have very similar overall conformations (Fig. 2C) .
The binding of lipids to the PH domain of ROCK has been implicated to activate ROCK and regulate its subcellular localization (23, 24) . To identify the potential phospholipid-binding sites, we first analyzed the residues located in the ␤1/␤2-loop of the split PH domain, which are known to form a positively charged pocket and to play a critical role in binding to phosphoinositides in known lipid binding PH domains (25) (26) (27) (28) . Although it contains several positively charged residues, the ␤1/␤2-loop of the of ROCK II (as well as ROCK I) PH domain does not contain the signature "KX n (K/R)XR" phosphoinositide-binding motif, where the first Lys is located at the penultimate position of the ␤1-strand, and the "(K/R)XR" sequence corresponds to residues 2-4 of the ␤2-strand (Fig. 2, D and E) . In the ROCK II PH domain, the penultimate residue in the ␤1-strand is a Leu instead of a Lys, and the second and the fourth residues in the ␤2-strand are Val and Lys, respectively. Because two out of the required positively charged residues in the canonical phosphoinositol lipid-binding motif are absent in the split PH domain of ROCK II, we predicted that it would not be able to bind to lipids using its canonical binding pocket.
A characteristic feature of phosphoinositide binding PH domains is their strong surface electrostatic polarity; one end of the domain, including the C-terminal ␣-helix, is rich in acidic residues, whereas the opposite end, including the ␤1/␤2-, ␤3/␤4-, and ␤6/␤7-loops, is clustered with an array of positively charged residues and is responsible for lipid binding (Fig. 2G ) (34) . In sharp contrast, surface charge potential analysis of the ROCK II PH domain shows that the domain possesses a prominent positive lobe at the end containing the C-terminal ␣-helix, and this relatively flat, positively charged surface is formed by a total of seven basic amino acids (Fig. 2, C, F, and G) . It is tempting to hypothesize that this flat, positive surface of ROCK II PH domain might function as a distinct lipid membrane binding site (see below for more details).
Structure of the Isolated C1 Domain of ROCK II-The cysteine-rich domain of ROCK II folds into a C1 domain structure, composed of two anti-parallel ␤-sheets and a C-terminal helix (␣A) (Fig. 3B) . The first ␤-sheet forms the core of the C1 structure and consists of four ␤-strands (␤A, ␤B, ␤E, and ␤F), and the second contains the two remaining ␤-strands (␤C and ␤D). Each C1 domain coordinates two Zn 2ϩ ions. The N terminus of the C1 domain is not well defined, as the residues in this region lack any detectable medium and long range NOEs.
There are two distinct structural properties of the C1 domain in ROCK II. First, its ␤〈-strand is absent in all other C1 domains with known structures except for that of protein kinase C (PKC) (Fig. 3, C-E) . The residues from the ␤A-strand extensively contact those from ␤B-and ␣A-strand and presumably enhance the packing of the core structure and stabilize the folding of the C1 domain. A structural comparison of the C1 domains from ROCK II and PKC shows that the two domains are very similar. The most significant differences are the flexibilities of their ␤D/␤E-loops and the orientations of The insertion of the C1 domain in the ␤6/␤7-loop of the split PH domain is indicated. C, structural comparison of the split PH domains from ROCK II (pink) and VPS36 (green, PDB code 2CAY). The sulfate anion (blue sticks) bound to the noncanonical pocket formed by residues from the ␤5/␤6-and ␤7/␣2-loops of VPS36 split PH domain is indicated. D, structure-based sequence alignment of the ␤1/␤2-loop of the ROCK split PH domains and the ␤1/␤2-loops from some specific lipid-binding PH domains. The basic residues from the signature phosphoinositide-binding motifs are highlighted in cyan. E, comparison of the PIP lipid head binding pocket of the PKB/Akt PH domain (cyan, PDB code 1H10) with the same region of the ROCK II PH N -PH C domain (light yellow). The critical residues of the lipid head-binding pocket are drawn using the explicit atom representation. F, residues forming the flat, positively charged surface of the ROCK II split PH domain. G, comparison of the surface electrostatic properties of the ROCK II split PH domain with those of representative phosphoinositide-binding PH domains (Btk, PDB code, 1B55; DAPP1, PDB code 1FAO; ␤-spectrin, PDB code 1BTN; Grp1, PDB code 1FGY; PKB/Akt, PDB code 1H10; PLC␦1, PDB code 1MAI; ARNO, PDB code 1U27; PDK1, PDB code 1W1D; VPS36, PDB code 2CAY). The PH domains are shown in worm models. Positive (blue) and negative (red) electrostatic potentials are contoured at ϩ3 and Ϫ3 kT, respectively. The orientations of the domains are similar to that in Fig. 2C . Electrostatic potentials were calculated with GRASP (44).
their ␣A-helices. The conformation of the ␤D/␤E-loop in the ROCK II C1 domain is highly rigid, whereas the same loop in the PKC C1 domain is much more flexible (Fig. 3, A and C) . The ␣A-helix of the ROCK II C1 domain is rotated ϳ40°anti-clockwise with respect to the corresponding ␣-helix in the PKC C1 domain (Fig. 3E) . The other unique feature of ROCK C1 is that, unlike in other C1 domains, of which both of the Zn 2ϩ -binding motifs are of the CCHC-type (i.e. each composed of three cysteines and one histidine), one of its Zn 2ϩ -binding sites is composed of an atypical CCHH-type Zn 2ϩ -binding motif (i.e. formed by two cysteines and two histidines) (Fig. 3, B  and C) . The substitution of a small cysteine with a bulky histidine pushes the ␣A-helix away and leads the helix to rotate outward by ϳ40° (Fig. 3E) . The combination of the CCHC-and CCHH-type zinc fingers is conserved in the C1 domain of ROCK I and II, but not in the homologues kinases MRCK or CRIK and not in PKC (Fig. 3C) . Further structural and biochemical investigations are required to uncover whether this kind of peculiar organization has a unique function (such as regulation of C1 domain folding and subsequent function).
A well known function of C1 domains is their capacity in binding to phorbol esters or DAG. The crystal structure of the PKC␦ C1B in complex with phorbol ester reveals that phorbol ester fits snugly into a cavity formed by the residues from the ␤B/␤C-and ␤D/␤E-loops (Fig. 3, F and G) . This phorbol ester binding presents a continuous hydrophobic cap that allows the region to be buried into the lipid bilayer, thus stabilizing its membrane insertion. Because the C1 domain of MRCK was found to bind to DAG/phorbol ester, and DAG/phorbol ester binding was shown to activate the kinase (16, 17) , by homology ROCKs were hypothesized to employ the same DAG/phorbol ester binding-induced kinase activation mechanism, although this had not been directly tested prior to this study. To test this possibility, we first analyzed the DAG/phorbol ester binding properties of the ROCK II C1 domain. Sequence alignment reveals that the ROCK II C1 domain does not contain the consensus residues (Pro-241, Gly-253, and Gln-257 in the PKC␦ C1B domain) required to form the DAG-binding site (35) (Fig.  3C) . The replacement of Gly with His in this motif likely decreases the flexibility of the ␤D/␤E-loop in the ROCK II C1 domain (Fig. 3, A and D) . The rigidity of the ␤D/␤E-loop is also conferred by the hydrophobic interaction between the side chains of Trp-1273 and Met-1275 (Fig. 3F) . The rigid side chains of Trp-1273 and Met-1275 in ROCK II C1 occlude DAG/phorbol ester from binding to the ROCK II C1 domain (Fig. 3, G and H) . Therefore, we believe that the ROCK II C1 domain is not likely to be able to bind to DAG/phorbol ester. Our biochemically based binding assay using phorbol ester confirmed this prediction (data not shown). Interestingly, further structural analysis revealed that several basic residues are clustered at one side of the ROCK II C1 domain, leading to a polarized surface charge distribution on the domain (Fig. 3I) . It is possible that the positively charged surface of the ROCK II C1 domain might interact with negatively charged membranes (see below for more details).
ROCK II PH N -C1-PH C Tandem Functions as a Supramodule with Distinct Lipid Membrane
Binding Properties-Next, we directly compared the lipid membrane binding properties of the PH N -C1-PH C tandem with those of the two isolated domains by assaying their binding to liposomes prepared from total bovine brain lipid extracts. Consistent with our prediction above, the PH N -C1-PH C tandem was found to bind efficiently to these liposomes in a dose-dependent manner (Fig. 4A) . To our surprise, the joined PH N -PH C domain and the C1 domain both showed much weaker binding to liposomes than the PH N -C1-PH C tandem, even though they each fold into the same structures alone and in the PH N -C1-PH C tandem (Fig. 4B, 2nd  and 3rd panels) . This phenomenon is very similar to what was observed in the split PH domains of ␣-syntrophin and PIKE, where the split PH domain and inserted sequence function synergistically in binding to lipids (1, 4) . Thus, the PH N -C1-PH C tandem of ROCK II represents another example of which the insertion of a protein module (C1 domain in this case) in the middle of a PH domain produces a supramodule with distinct biological functions. To rule out the possibility that the enhanced lipid binding property of the PH N -C1-PH C tandem is just a simple additive effect of two weak lipid binders, we created two mutants of the PH N -C1-PH C tandem by placing the C1 domain either in front of or after the joined PH N -PH C domain. A 10-residue flexible linker ("Gly-Ser-Gly-Gly-Ser-GlyGly-Ser-Gly-Ser") was inserted between the C1 domain and the joined PH N -PH C domain in both mutants to avoid artificial conformational restraints. Both mutants displayed weaker lipid binding than the PH N -C1-PH C tandem (Fig. 4C) , further supporting our notion that the PH N -C1-PH C tandem functions as a supramodule with distinct lipid binding properties.
To test where the PH N -C1-PH C supramodule might recognize specific phosphoinositides embedded in membrane bilayers, we assayed its lipid binding using reconstituted liposomes with various PIPs. The results showed that the PH N -C1-PH C supramodules of both ROCK I and II robustly bind to reconstituted PC/PS liposomes containing PI(3,4,5)P 3 , PI(3,4)P 2 , and PI(3,5)P 2 , and weakly interact with PC/PS liposomes containing other phosphoinositides (Fig. 3, D and E) . The binding of the PH N -C1-PH C tandem to PC/PS only liposomes is at the assay background level. The high binding avidity of the ROCK PH N -C1-PH C supramodule toward 3Ј-phosphate-phosphoinositides indicates that it might act as a PI(3,4,5)P 3 sensor, as cellular concentrations of PI(3,4)P 2 and PI(3,5)P 2 are generally very low. Consistent with this notion, ROCK II activity was recently shown to be down-regulated by PI 3-kinase inhibition (24) . It is possible that binding of lipids (such as PI(3,4,5)P 3 and arachidonic acid) to the PH N -C1-PH C tandem of ROCK releases the auto-inhibited conformation of the enzyme (20, (22) (23) (24) .
As mentioned in previous sections, the PH N -C1-PH C tandem contains a flat, positively charged surface on each of its split PH and C1 domains (Fig. 2F and Fig. 3I ). All the residues forming these positively charged surfaces are evolutionarily conserved in both ROCK I and ROCK II (Fig. 5A ), pointing to their potential functional significance. To test this hypothesis, we mutated several res- idues from the positively charged surfaces of the PH N -C1-PH C tandem and tested the lipid membrane binding avidities of the mutants. As expected, the mutations of residues in the positively charged surfaces of either the C1 domain (Lys-1250, Lys-1298, and Lys-1299 to Ala) or the PH domain (Lys-1171, and/or Arg-1334, Lys-1337, and Lys-1338 to Ala) significantly compromised the lipid membrane binding capacity of the protein. Mutations of the positively charged residues from both the PH and C1 domains further decreased the lipid membrane binding of the protein (Fig.  5B) . As a control, we also mutated two positively charged residues (Arg-1153 and Lys-1164), either individually or combined, in the ␤1/␤2-loop of the split PH domain (Fig. 2D) , which we predicted were not involved in the lipid binding. Consistent with our prediction, the substitution of Arg-1153 and/or Lys-1164 with Ala did not reduce the lipid binding capacity of the PH N -C1-PH C tandem. The slightly increased lipid binding avidity of K1164A is probably because of the mutation-induced instability (prone to precipitation) of the protein (Fig. 5B) . Taken together, we conclude that both the split PH domain and the C1 domain contribute to the binding of ROCK to lipid membranes with two unconventional positively charged surfaces.
Because the rigid C-terminal end of the C1 domain is connected to the ␤7-strand of the PH domain by a highly conserved short stretch of linker sequence (four residues to be precise, see Fig. 5A ), the orientations of the two domains in the PH N -C1-PH C tandem are likely to be restricted to a certain extent. We envision a model in which the split PH domain and C1 domain are preferentially orientated such that the two flat, positively charged surfaces face to the same side and collaborate with each other in binding to negatively charged membrane bilayers (Fig. 5C) . It is possible that the 3Ј-phosphate-phosphoinositides generated by activated PI 3-kinases are recognized by the PH N -C1-PH C tandem of ROCK II, which could not only recruit the kinase to the specific membrane domain but may also release the kinase from its auto-inhibited conformation. Further investigations are required to determine whether such cross-talk between ROCK and PI 3-kinase signaling pathways is indeed mediated by the PH N -C1-PH C supramodule of ROCK.
Overall Features of the Split PH Domains with Known Structures-To date, the structures of five out a total of six known split PH domains (those from ␣-syntrophin, PLC␥1, VPS36, PIKE, and ROCK II) have been elucidated, and their functions have been partially characterized. The only remaining uncharacterized split PH domain is that of myosin X, which contains a PH domain split by an insertion of another intact PH domain (supplemental Fig.  1A) . The structural and functional features of the five split PH domains with known structures show several salient features. First, PH domains can be split in various loop regions (e.g. ␤3/␤4-, ␤5/␤6-, or ␤6/␤7-loop) by insertion sequences of various lengths (unstructured nuclear localization sequences, single folded domain, or multiple protein domains) with diverse functions (Fig.  6) (1-4, 33) . Second, split PH domains together with their inserted domain(s) often form supramodules with distinct biological functions. For example, the split PH domains of ␣-syntrophin, PIKE, and ROCK II function cooperatively with their respective inserted domains in binding to lipid membranes. Preliminary studies of the myosin X split PH domain also show that the insertion of the second PH domain in the ␤3/␤4-loop (predicted from sequence analysis) of the first PH domain creates a functional module with enhanced lipid binding avidity. 4 In PLC␥1, the split PH domain together with its inserted SH2-SH2-SH3 domains collectively play an autoinhibitory role in the regulation of the lipase activity of the enzyme (5). 4 Third, it remains as an open question whether partial PH domains indeed exist in proteins, and whether such hypothetical partial PH domains may complement the other half of PH domain either in the known split PH domains or somehow "hidden" in yet to be identified proteins (36, 37) .
Finally, the split PH domain is not the only case of an intact domain being split by the insertion of other domains/sequences. A statistical analysis has shown that ϳ9% of nonredundant protein domains deposited in the Protein Data Bank contain domain insertions (38, 39) . A good example related to this study is the catalytic X/Y box of PLC␥, which is split by insertion of a large PH N -SH2-SH2-SH3-PH C tandem (supplemental Fig. 1A ). It has been well recognized that protein-protein interaction modules arranged in tandem are not just simple attachments of "beads on a string," but often represent functional supramodules with distinct structural features and biological functions (40 -42) . This type of domain-splitting arrangements in proteins is not likely to be the result of accidental gene rearrangements, as such organizational patterns are often conserved throughout the evolution, and rearrangements of the relative positions of the inserted domains often alter the functions of the proteins (1, 2, 4). Rather, we hypothesize that such domain insertions have been selected to cater to the functional requirements of those proteins. The identification of such unique domain insertion organizations and the elucidation of their structural and functional significance represent important areas of future research.
